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Abstract 
We present in this article an overview of the problem of neutron star masses. After a brief 
appraisal of the methods employed to determine the masses of neutron stars in binary systems, the 
existing sample of measured masses is presented, with a highlight on some very well-determined cases. 
We discuss the analysis made to uncover the underlying distribution and a few robust results that stand 
out from them. The issues related to some particular groups of neutron stars originated from different 
channels of stellar evolution are shown. Our conclusions are that last century’s paradigm that there a 
single, 1.4 𝑀⊙ scale is too simple. A bimodal or even more complex distribution is actually present. It is 
confirmed that some neutron stars have masses of ~2 𝑀⊙, and, while there is still no firm conclusion on 
the maximum and minimum values produced in nature, the field has entered a mature stage in which all 
these and related questions can soon be given an answer. 
Introduction 
 Shortly after the discovery of pulsars (Hewish et al. 1968) and the identification of the pulsar in 
the Crab nebula (Staelin and Reifenstein 1968, see Sections 1.1 and 2.4), a great deal of theoretical and 
observational effort was directed to assess the physical features of these objects and their relation to their 
birth events. Even though early studies considered a wide range of possible values for the masses (i.e. 
theoretical cooling (Tsuruta et al. 1972) and related works (Sections 7.2 and 7.7)), the work on the pre-
supernova evolution provided a clue about a possible "canonical'' 1.4 𝑀⊙ imprinted on neutron stars at 
birth. This value was justified by the state of an iron core in a massive star just prior to the beginning of 
its collapse (Section 4.3). The mass of this core is (almost) invariant, since it has to be supported by 
electron degeneracy pressure. This core turns into a neutron star (after radiating ~10% of its energy) of a 
slightly lower mass. Later observational work was actually very successful in reducing the errors (see 
below), thus providing support to the idea of a single-mass scale.  
 
Moreover, for almost 30 years the measurements of available neutron star systems (Thorsett and 
Chakrabarty 1999) proved to be consistent with the postulated unique value as suggested by that 
theoretical idea. The actual accretion history of those systems did not seem to make a large difference on 
the final neutron star mass, at least at a first glance, and the 21th century started with this as a firm 
paradigm. 
However, intensive work performed by independent groups, both in the field of theory and especially on 
the observational side, changed the situation and added considerable interest to the study of neutron star 
masses.  
We shall present below the basic arguments and evidence leading to believe that the old paradigm of a 
single-mass scale has to be abandoned. First, the main tools and methods for the measurements of neutron 
stars masses will be presented. An evaluation of the distribution of masses and its theoretical context will 
follow. The chapter ends with the statement of the conclusions on this subject. 
1 Methods and tools for the measurements of neutron star masses  
1.1 Kepler's Third Law and the mass function  
 Presently all the determinations of nutron star masses have been performed for objects in binary 
systems. The fundamental quantity to be measured as a first step is the mass function of the binary 
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which can be determined directly from the observables of the right-hand side, the projected semi-axis of 
the orbit (𝑥) and the period of the binary (𝑃𝑏) after the introduction of the constant 
𝑇⊙ =  𝐺𝑀⊙ 𝑐
3 =  4.925490947 𝜇𝑠 ⁄ . In addition to 𝑃𝑏 and 𝑥, three Keplerian parameters can also be 
measured (Manchester and Taylor 1977), namely the eccentricity 𝑒, and the time and longitude of the 
periastron 𝑇0 and 𝜔0. The complete determination of the system still requires the measurements of at least 
two post-Keplerian parameters which are (different) functions of the five Keplerian parameters. These 
post-Keplerian parameters are the advance of the periastron ?̇?, the orbital decay of the period 𝑃?̇? 
(dominated by the emission of gravitational waves from the varying quadrupole moment along the orbit 
evolution), the 𝛾 parameter combining the variations of the transverse Doppler shift and gravitational 
redshift and the so-called "range" 𝑟 and "shape" 𝑠. Since all them depend on the theory of gravitation, 
their measurement open the possibility of testing GR itself through pulsar timing. Even if only one post-
Keplerian parameter is measured, some statements about the masses are possible. However, these 
measurements are possible with accuracy only for close binaries with eccentric orbits. Therefore, in the 
general case, additional information on the companion mass 𝑚2 and the inclination of the orbit respect to 
the line of sight  sin 𝑖 should be provided by independent techniques to determine the neutron star mass 
𝑚1. 
1.2 Photometry, spectroscopy and related complementary tools 
 The theory of stellar evolution and the tools developed by astronomers along the 20th century are  
key ingredients to obtain complementary information to determine the masses of neutron stars. The 
systems in which the companion is directly observed feature main sequence, post-main sequence and 
white dwarf stars. Optical observations can be performed, but they are of little utility whenever 𝑚1 ≪
𝑚2, which is the case for example of the PSR J0045-7319 system (Nice et al. 2004) in which large errors 
remain because of the limited usefulness of the mass function in eq.(1). Low-mass companions and 
evolved objects for which 𝑚1 ≈ 𝑚2 are more amenable to optical observations, in the sense of the 
complementary information needed to determine the neutron star mass 𝑚1. The case of white dwarfs is 
particularly relevant, since a few of the most interesting systems belong to this class. Even though the 
white dwarfs can be very faint (𝑉 ≥  24 is not uncommon), their radii can be nevertheless estimated by 
measuring the optical flux 𝐹𝑂, the effective temperature 𝑇𝑒𝑓𝑓 and having a good idea of the distance 𝑑, 
through the simple relation 
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where 𝜎 is the Stefan-Boltzmann constant. Once the radius is determined, a reasonable estimate of the 
white dwarf mass can be made using the theoretical relations for a given composition, with temperature 
corrections to the cold equation of state if necessary. An alternative approach is to fit a synthetic 
atmosphere to the observed spectral features, in order to obtain the surface gravity log 𝑔. The latter 
quantity combined with 𝑇𝑒𝑓𝑓 for example, gives a determination of the mass, which of course subject to 
some uncertainty coming from the effects of finite temperature and the chemical abundances. The masses 
of 𝑚2 may be overestimated and this effect is translated to the pulsar mass 𝑚1 in the final calculations. 
 
Spectral information of the system, in particular variability along the orbit, can be of great importance 
especially in the cases of interacting systems. The latter generally display variability due to 
accretion/winds which should be understood properly before any statement about the mass of the neutron 
star can be made. Thus, additional models for the geometry of the system should be used, and in extreme 
cases the heating of the companion by the winds are important and may dominate the uncertainties (see 
below). It is unfortunate that one particular feature, namely the presence of redshifted lines from the 
neutron star itself, does not seem to be present in the X-ray spectra with sufficient significance. If 
measured, redshifted lines carrying information about the quotient 𝑀/𝑅 could be very useful. For 
example, the claim by Cottam et al. (2002) on the presence of absorption lines in the X-ray spectra bursts 
of the source EXO0748-676 could not be confirmed, but constitute an excellent example of how to extract 
important information about a compact star which may be attempted in other cases. 
 
An important complementary method to determine pulsar masses is the Shapiro delay, i.e. the retardation 
of the pulses due to the gravitational field of the companion. The effect is particularly strong when nearly 
edge-on binaries are observed. The two parameters that control the behavior of the pulses are then 𝑚2 
(generating the field) and sin 𝑖. The measurement of the arrival times may be combined with the 
Keplerian parameters to yield the masses and the inclination which reproduce the data best. 
 
Finally a handful of alternative methods including polarization measurements (Thorsett and Stinebring 
1990); scintillation (Cordes 1986) and even microlensing of background stars by isolated pulsars 
(Horvath 1996; Dai et al. 2015) have been proposed but did not produce sensible results as yet. More 
work will be needed to convert these ideas into useful tools for pulsar mass determinations. 
2 The sample and the analysis of the neutron star mass distribution  
The largest sample of measured neutron star masses available for analysis is maintained by J. 
Lattimer The compilation is publicly accessible on-line at http://www.stellarcollapse.org/. It is 
periodically updated with new determinations to keep it useful for the community. The latest (Dec 2015) 
version was made available for this paper by its author. Systems are separated into four classes according 
to the nature of the companion, and include neutron star-neutron star (double neutron star, in which at 
least one component is a pulsar); neutron-star-white dwarf; neutron star-main sequence and neutron star-
X-ray/optical binaries. The references in Fig. 1 describe in detail each of the works reporting the 
techniques and models employed for the determinations.  
 
  
Fig. 1. The sample of neutron star masses maintained at stellarcollapse.org as displayed Oct. 28, 2015. 
The four groups are explicitly indicated, and the letters correspond to the references to the original works. 
The best determined values are accurate to the point in which the error bars fall inside the symbols. 
Systematic errors can shift the centroid in some cases, and constitute a major warning against a literal 
interpretation of the given numbers. References are indicated with a letter on each point: [a] Clark et 
al.(2002); [b] Rawls et al. (2011); [c] Mason et al.(2011); [d] Casares et al.(2010); [e] Thorsett and 
Chakrabarty (1999); [f] Mason et al.(2010); [g] Nice, Splaver and Stairs (2005); [h] Nice et al. (2001); [j] 
Bhat et al. (2008); [k] Guillemot et al. (2012); [l] Gelino et al. (2003); [m] Lange et al. (2001); [n] 
Muñoz-Darias et al. (2005); [o] Kiziltan et al. (2013); [p] Verbiest et al. (2008); [q] Weisberg et al. 
(2010); [r] Splaver et al. (2005); [s] Lynch et al. (2012); [t] González et al. (2011); [u] Hotan et al. (2006); 
[v] Antoniadis et al. (2012); [w] Mason et al. (2012); [x] Jacoby et al. (2006); [y] Nice et al. (2008); [z] 
Champion et al. (2005); [A] Corongiu et al. (2007); [B] Kasian (2008); [C] Janssen et al. (2008); [D] 
Stairs et al. (2002); [E] Antoniadis et al. (2013); [F] Steeghs and Jonker (2007); [H] Freire et al. (2008b); 
[I] Freire et al. (2008a); [J] Ferdman et al. (2010); [K] Deller et al. (2012); [L] Bhalerao et al. (2012); [M] 
Nice et al. (2004); [N] Freire et al. (2011); [O] Bassa et al. (2006); [P] Demorest et al. (2010); [Q] van 
Kerkwijk et al. (2011); [R] Romani et al. (2012); [S] Ransom et al. (2014); [T] Coe et al. (2013). 
 
A few remarkable cases among these mass determinations merit a highlight. The first is the very high 
accuracy achieved after several decades of work in the double neutron star systems. In these cases, the 
determination of all post-Keplerian parameters has been possible and therefore the masses are now known 
beyond 4 decimal places in at least one system. This is a remarkable achievement and puts double neutron 
stars among the most accurately measured star masses overall, including their "normal" main sequence 
relatives. In fact, the latest determination of a double neutron star system by Martínez et al. (2015) 
yielded a very asymmetric system, in contrast with the nearly equal-mass binaries of this type known up 
today. In addition, the mass of one of the stars is only 𝑚2 = 1.174 ± 0.004 𝑀⊙, which is the lowest mass 
measured with confidence. If it is indeed a neutron star, this determination contributes to the quest of the 
minimum mass that can be produced in nature, which is set by evolutionary considerations and not by the 
existence of any physical limit, at least in the measured range. 
 
Another benchmark determination was the work of Demorest et al. (2010) measuring the Shapiro 
delay in the system of PSR J1614−2230. This effect stems from the effects of the gravitational well of the 
companion as is seen at different phases along the orbit. In general, and even after several years of timing, 
the Shapiro delay may remain “hidden” if it is too small. The case of the PSR J1614−2230 benefited from 
a combination of an almost edge-on system with a relatively high mass of the companion white dwarf 
(0.500 ± 0.006 𝑀⊙). The determination with high accuracy needed a sophisticated statistical analysis to 
subtract a full GR timing (i.e. non-Shapiro delay contributions) and provided a firm number for the mass 
as 𝑚1 = 1.97 ± 0.04 𝑀⊙, now widely accepted by the community. This stands among the top masses 
ever measured with a value well beyond the "old" 1.4 𝑀⊙ paradigm . 
 
 
 
Fig. 2. The histogram of the masses of neutron stars in binary systems presented by Valentim et al. 
(2011). Note that new objects have been added to the database in Fig. 1, and therefore the exact numbers 
of the mass scales may differ when the updated database is used.  
 
A similar number for the mass of the system PSR J0348+0432 has been obtained by Antoniadis et al. 
(2013) using the methods described above. The companion is a low-mass helium white dwarf which was 
characterized by a combination of phase-resolved spectra, fitting of synthetic spectra and a theoretical 
finite-temperature mass-radius relation. The fitting procedures yielded very accurate results (Fig. 3), and 
therefore the masses of the components were determined. The high value 𝑚1 = 2.01 ± 0.04 𝑀⊙ 
reinforces the presence of a mass-scale substantially higher than the 1.4 𝑀⊙ formerly supported. Both 
~2 𝑀⊙ objects are therefore examples that the accretion history can substantially affect the mass of a 
compact object although the exact amount of matter onto it depends on several factors that vary in each 
case (Sections 7.13 and 7.14). 
 
  
Fig. 3. The fittings to the radial velocity (left) and Balmer lines (right) obtained by Antoniadis et al. 
(2013) to the system harboring PSR J0348+0432 and its white dwarf companion. Solid lines are the best 
fit to the orbit (left) and three atmospheric models, showing that slight changes in 𝑇𝑒𝑓𝑓 and/or log 𝑔 
worsen the accurate result obtained for the values (10120 ± 47𝑠𝑡𝑎𝑡 ± 90𝑠𝑦𝑠  , 6.035 ± 0.032𝑠𝑡𝑎𝑡 ±
0.06𝑠𝑦𝑠). These measurements, when combined with the Keplerian parameters, determine the value of the 
pulsar with high accuracy. 
 
With these considerations in mind, we shall now discuss the main features of the analysis performed and 
the meaning of the results. 
 
2.1 Analysis of the neutron star mass distribution 
 
At least four different groups (Zhang et al. 2011; Valentim et al. 2011; Özel et al. 2012; Kiziltan et al. 
2013) have presented independent analysis of the mass distribution (Fig. 2). All but Zhang et al. (2011) 
employed Bayesian analysis techniques. While they differ somewhat in the criteria to select the size of the 
sample (for example, trying to avoid a contamination with biased/uncertain determinations), all the 
reported results are indicative of the presence of at least two mass-scales. The group of Özel et al. (2012) 
found a mean mass of 1.28 𝑀⊙ for non-recycled high-mass binaries and slow pulsars, 1.33 𝑀⊙ for 
double neutron stars and 1.48 𝑀⊙ for recycled neutron stars, all them showing different dispersions. 
Zhang et al. (2011) reported a bimodality at 1.37 𝑀⊙ and 1.57 𝑀⊙ when the sample is divided by a 20 
ms period possibly separating the non-recycled to the recycled population, although their true focus was 
somewhat different than the other works, being more related to the spin evolution of the systems itself. 
Kiziltan et al. (2013), on the other hand, presented an analysis in which just double neutron stars and 
neutron stars with white dwarf companions were selected. Their results yielded peaks at 1.33 𝑀⊙ and 
1.55 𝑀⊙ and allowed skewed distributions. The work of Valentim et al. (2011) included all the objects 
available in the stellarcollapse.org database at the time and found (within a gaussian parametrization as in 
Özel et al. (2012)) the values 1.37 𝑀⊙ and 1.73 𝑀⊙, also with quite different widths (narrow and wide 
respectively) for the assumed gaussian profiles. These differences may be entirely due to the selection of 
the sample itself. 
 
With the availability of more measured masses these analysis can be refined and further compared. 
For example, the issue of the masses "at birth" complicates a clear separation between non-recycled and 
recycled systems from the point of view of the total accreted mass. This is because of the well-known 
jump in the iron core for progenitor masses > 19 𝑀⊙ in the main sequence. The generated iron cores may 
indeed grow to ≥ 1.8 𝑀⊙ at the moment of collapse because of convection in the carbon burning stage 
(Timmes et al. 1996). Therefore, and after allowing for the binding energy of the neutron star respect to 
the previous state, there may be a ~0.3 𝑀⊙ difference at birth between these heavy objects and the more 
common ~1.4 𝑀⊙ cousins coming from lighter progenitors. The degeneracy between the initial mass and 
accreted mass could be important in many cases and is not easy to break. In other words, even if the 
accretion has been substantial, the initial mass of the neutron star cannot be determined with precision, 
and the assumption of a 1.4 𝑀⊙ often made could be quite misleading. 
 
2.2 Existence of a group of neutron stars around 1.25 𝑀⊙ 
 
  Stellar evolution calculations agree on the formation of very degenerate O-Mg-Ne cores for the 
lowest end of stars 8 − 11 𝑀⊙  (the latter figure depending on the detailed physics of the evolution, 
which could change somewhat the actual number). These cores are expected to eventually collapse 
because of electron capture. Some actual systems have been discussed in Poelarends et al. (2008) among 
other works. Podsiadlowski et al. (2005) proposed that this “characteristic mass” of the neutron stars 
formed from this mass range, with a typical amount of ejected mass, would finally produce low-mass 
neutron stars of ~ 1.25 𝑀⊙. The formation of this "canonical" mass and its identification as a separate 
peak in the mass distribution suggests one robust evolutionary path towards collapse/formation and 
should occur, preferentially, in binaries with low eccentricity and aligned orbits (Schwab et al. 2008) to 
form the systems in which the masses are presently observed. In those binary systems, low masses are 
formed when a white dwarf has O-Ne-Mg core accretes mass from the companion. The core density 
reaches a well-defined critical value (~ 4.5 × 109 𝑔 𝑐𝑚−3) triggering electron captures onto Mg and 
subsequently Ne, and causing a loss of hydrostatic support in the core and the onset of the collapse. These 
are the key aspects of these e-capture supernova, and since the 8 − 11 𝑀⊙ (and possibly even up to 
12 𝑀⊙, see Section 4.2) progenitor stars are the most abundant among massive stars, their neutron star 
descendants should be well represented in the sample. 
 
An inspection of Fig. 1 reveals a handful of objects with masses consistent with this value. In fact, 
even if former analysis (Valentim et al. 2011) casted some doubts on the significance of the peak, newer 
evidence has reinforced the idea that e-capture supernova neutron stars are indeed present in the sample, 
as argued by Schwab et al. (2008). It is interesting to point out that the "old" picture of a single-mass 
scale had not identified any problem between the theoretical prediction (Timmes et al. 1996) and the 
actual measured values, which in spite of being close should have stood as a separate channel.  
  
2.3 Heavy neutron stars in close binary systems ("spiders") 
 
 There is one class of interacting millisecond pulsars in close binaries which is particularly 
interesting to assess the effects of the accretion history and maximum achievable mass. The first object of 
this type was discovered by Frutcher et al. (1988), and showed signals that an outflow was evaporating 
the companion, now reduced to a Jupiter-scale object. Because of a previous accretion phase in which the 
pulsar become accelerated to millisecond periods, while its wind was destroying the donor star at present, 
this system was dubbed a black widow in parallel to the behavior of that class of spiders. Later, a similar 
group was identified in a different region of the orbital period-donor mass, and received the name of 
redbacks which are Australian spiders related to black widows (Roberts 2013). The connection between 
the two groups was explored by means of evolutionary calculations (Benvenuto et al. 2012), and it was 
shown that a long accretion stage (≥  2 − 3 𝐺𝑦𝑟) shaped by X-ray back illumination led to systems 
(within a very restricted region of parameter space) which transit towards the redback region, and later 
when the donor became degenerate, widen their orbits while the evaporation of the donor proceeded.  
 
The importance of these systems for the problem of neutron star masses stems from the very long 
evolution times, and in spite that the exact amount of mass ending on the neutron star itself could not be 
calculated, several tenths of 𝑀⊙ are expected as a general feature (see Tauris 2015 for an alternative view 
and connections with other neutron star systems). This is why the determinations of van Kerkwijk et al. 
(2011) for the "original" black widow PSR 1957+20 (2.4 ± 0.12 𝑀⊙) and Romani et al. (2012) in the 
case of PSR J1311-3430 (concluding that 𝑚1 > 2.1 𝑀⊙) came to support these theoretical trajectories. 
However, the issue of the masses is far from being settled. For example, Romani et al. (2015) found that a 
simple direct heating model formerly employed for the atmosphere of PSR J1311-3430 is inadequate and 
therefore a systematic deviation of the mass from its true value leads to an unreliable estimation. The 
mass of the pulsar in the black widow system PSR J1311-3430 may be as low as 1.8 𝑀⊙. A confirmation 
of the mass of PSR 1957+20 with confidence on the absence of possible systematic effects would be very 
important as well. In any case, the black widow and redback pulsars are expected to contain the most 
massive neutron stars in nature, and this is why their study is so important for this field (Section 7.6). The 
measurements of magnetic fields in the ball park of 108𝐺 for systems with ages ≥ 10 𝐺𝑦𝑟 is also 
revealing features of magnetic field evolution (Section 7.4) which are still under work when this article 
goes to the press. 
Conclusions 
 We have presented the general outline of neutron star mass determinations and discussed the 
picture emerging from the analysis of the available sample, comprising more than 70 objects at present. 
For most of the determinations, the systematic errors still affect the determinations, and the observations 
carry error bars that are significant in most cases. Exceptions to this picture include the binary neutron 
stars, and a few other objects. The most important conclusion of the large amount of work performed in 
the field is that the "old" view of a single ~1.4 𝑀⊙ mass scale is untenable, since evidence for 
substantially heavier neutron stars is now available. It is still unclear exactly what kind of distribution is 
present in the data, and while bimodality is rooted in the theoretical framework, the role of the accretion 
history of the systems has to be clarified to address this point. It is also fair to state that the peak at 
~1.25 𝑀⊙ expected to form from the lightest progenitor collapses in the range 8 − 11 𝑀⊙ is actually 
present in the sample with increasing levels of significance. Finally, we should point out that there is no 
hint as yet about the actual maximum mass of neutron stars, but only a consensus on the ~ 2 𝑀⊙ 
determinations which seem robust. The upper limit may be set by evolution (Kiziltan et al. 2013) or 
fundamental physical factors, and is of course extremely important to address the nature of the equation 
of state above nuclear saturation density, and the nature of matter under extreme conditions (Lattimer 
2012). 
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